A slanted cobalt sculptured columnar thin film was fabricated using glancing angle deposition, and coated subsequently with graphene using a low temperature chemical vapor deposition process. The graphene deposition process preserves shape and geometry of the sculptured thin film, which was confirmed by scanning electron microscopy. According to the Raman spectroscopy results, the graphene coating is two to three monolayers thick and has a high defect concentration. The graphene coverage within the sculptured thin film is determined from generalized spectroscopic ellipsometry using a generalized anisotropic Bruggeman effective medium approximation. The graphene coverage as well as structural parameters of the thin film agree excellently with electron microscopy and Raman observations, and suggest that the graphene coating is conformal.
A slanted cobalt sculptured columnar thin film was fabricated using glancing angle deposition, and coated subsequently with graphene using a low temperature chemical vapor deposition process. The graphene deposition process preserves shape and geometry of the sculptured thin film, which was confirmed by scanning electron microscopy. According to the Raman spectroscopy results, the graphene coating is two to three monolayers thick and has a high defect concentration. The graphene coverage within the sculptured thin film is determined from generalized spectroscopic ellipsometry using a generalized anisotropic Bruggeman effective medium approximation. The graphene coverage as well as structural parameters of the thin film agree excellently with electron microscopy and Raman observations, and suggest that the graphene coating is conformal.
Metallic sculptured thin films (STFs) provide a versatile platform for highly sensitive optical sensors based on birefringence changes upon analyte adsorption within the nanostructures.
1,2 The functionalization and stabilization of such three-dimensional (3D) nanostructured surfaces using conformal surface coatings offers interesting practical applications. Graphene, a two-dimensional (2D) carbon allotrope, that is known for its excellent mechanical properties 3, 4 and, for example, its ability to form protective corrosion-inhibiting barriers on metals 5, 6 would be an excellent candidate if a coating of the 3D nanostructured surface can be achieved. In addition, a graphene coating on STFs would provide a novel avenue for chemical functionalization, for example, via diazonium chemistry, 7, 8 which could be used to increase the selectivity of the STFs to analytes of interest. The investigation of graphene deposited on metallic STFs therefore is of high interest and no reports describing the optical and structural properties of graphene coated STFs exist in the literature so far.
In this letter, we demonstrate the fabrication of highly spatially coherent 3D metal nanostructures coated with multilayer graphene using a chemical vapor deposition (CVD) process. The quality of the graphene coating is inspected using confocal Raman microscopy while the optical and structural properties of the nanostructured thin film are investigated using scanning electron microscopy (SEM) and generalized spectroscopic ellipsometry (GSE). [9] [10] [11] [12] [13] It is demonstrated that an augmented anisotropic Bruggeman effective medium approximation (AB-EMA) provides an accurate description of the anisotropic optical response of the STF, which changes its birefringence behavior from biaxial to uniaxial upon graphene deposition. The AB-EMA further allows for the determination of the graphene coverage across the 3D STF surface. The structural parameters a) Electronic mail: thofmann@engr.unl.edu FIG. 1. A schematic of the conformal graphene coating is shown in (a). High-resolution cross-section SEM micrographs obtained from the Co SCTF sample before (b) and after (c) the CVD process demonstrate that the 3D nanostructured geometry of the film remains intact after the CVD process. The best-model thickness for the film obtained by GSE is indicated as d (see also Tab. I). During the CVD growth the slanting angle slightly decreases from 57.6
• to 49.2
• while the nanorod length remains constant.
obtained from SEM, Raman and through the AB-EMAbased analysis are in excellent agreement. We conclude that the CVD process leads to a conformal graphene coating of the 3D structures with thickness corresponding to 2-3 graphene monolayers.
Cobalt slanted columnar thin films (SCTFs) were fabricated by electron-beam glancing angle deposition (GLAD) in a custom-built ultra-high vacuum chamber at room temperature. The nanocolumnar structures were deposited onto a low-doped n-type (001) silicon substrate at a deposition angle of 85
• . 10 Immediately after GLAD growth the sample was transferred to a custombuilt CVD system.
14 For the CVD process, acetylene was used as the hydrocarbon precursor due to its ability to decompose to graphene at low temperatures, which is shown schematically in Fig. 1 (a). During the deposition the temperature was raised to 350
• C under 3.4 mTorr of hydrogen, then 3.0 mTorr of acetylene was added to the hydrogen and the furnace was raised to 500 • C for 1 min. After the CVD process the sample was characterized using angle-resolved GSE, 9 Raman, and SEM. GSE measurements were carried out in the spectral range from λ = 400 to 1650 nm using a commercial instrument equipped with a automated sample rotation stage (M2000VI, J.A. Woollam Co. Inc.). Mueller matrix data were obtained for four different angles of incidence Φ a = 45
• , 55
• , 65
• , and 75
• for a complete in-plane sample rotation from 0
• ≤ ϕ ≤ 360
• in steps of 6
• . 9 In addition to the GSE measurements, unpolarized micro Raman scattering experiments were performed using a commercial Raman microscope (Thermo Scientific DXR) with a 532 nm laser and a 1 µm spatial resolution in order to assess the quality and morphology of the graphene grown on the 3D nanostructures. High-resolution crosssection SEM micrographs were obtained using a Hitachi S4700 field emission SEM. Figure 1 depicts the cross-section SEM micrographs of the Co SCTF sample before (b) and after (c) the graphene CVD. The 3D nanostructure geometry remains intact after the graphene CVD process. As can be inferred from Figs. 1 (b) and (c), however, a slight decrease of the slanting angle from 57.6
• to 49.2 • occurs. Note that control experiments carried out without introducing the hydrocarbon precursor resulted in the disintegration of the nanostructures. The slanting angle change is tentatively associated with the acetylene decomposition on the Co surface, in particular at the interface of the nanocolumns and the Si substrates.
The Raman data obtained after graphene deposition are presented in Fig. 2 . Three distinct Raman bands identified as D-, G-, and 2D-bands can be observed.
15
More subtle features are present in the vicinity of the second-order D-band (inset Fig. 2 ), which are due to D+D ′ and D+D ′′ phonon excitations. 15 The Raman spectrum for the graphene coated Co SCTFs resembles neither typical monolayer nor multilayer graphene Raman data nor does it show the fingerprints of graphite. 15, 16 The presence of carbon nanotubes can be ruled out based on the fact that resonances typical for carbon nanotube Raman spectra, e.g., the splitting of the G-band does not occur here. 17 The resonance energies of the D-, G-, and 2D-bands and their intensity ratios are given in Fig. 2 .
The comparatively strong Raman D-band (I D /I G =0.921) is typically indicative for the presence of structural defects. 15, 18 Nevertheless, this observation is not surprising due to the fact that the graphene layers are warped around the Co nanorods with an average diameter of only 20 nm.
The resonance observed at ω 2D = 2697±1 cm −1 is attributed to the second order D-band contribution. It is well known that the Raman 2D-band is particularly sensitive to the number of graphene layers and is furthermore closely correlated with the electronic band structure of the material. 15, 17, 18 For single layer graphene the the 2D resonance is located at ω 2D =2685±1 cm −1 . With increasing number of graphene layers the 2D resonance shifts to higher energies and can be observed for graphite as a composition of two contributions at ω 2D,1 ≈ 2720 cm −1 and ω 2D,2 ≈ 2740 cm −1 .
19 Based on the 2D peak position, the graphene grown on the slanted Co nanocolumns is likely to be 2-3 layers thick. A Bernalstacked graphene of such thickness exhibits much higher I 2D /I G ratios than observed in Fig. 2, 15 but graphene layers grown on nanoscopic columns are likely twisted, and the I 2D /I G ratio in bilayer graphene was recently shown to strongly depend the twisting angle. [20] [21] [22] The presence of the structural defects, which is consistent with the high intensity of the D band, could also contribute to the lowered I 2D /I G ratio. 23 We therefore conclude that the CVD process resulted in few-layer graphene with an estimated number of monolayers (ML) between 2 and 3 and a substantial structural disorder, which is attributed to the 3D nanostructured surface.
Angle-resolved GSE data determine structural and anisotropic optical properties of the Co SCTF before and after the CVD process.
It has been demonstrated that the permittivity tensor of highly spatially coherent slanted nanocolumns can be accurately described from THz frequencies to the ultra-violet using an anisotropic Bruggeman effective medium approximation (AB-EMA). 12, 13, 24 In order to correctly render the optical response of the SCTFs discussed here, the Bruggeman approximation, which was developed for disordered inhomogeneous media with spherical inclusions, 25 is augmented to account for highly spatially coherent, oriented elliptical inclusions. 11, 12, [26] [27] [28] The effective dielectric function tensor described by the AB-EMA is composed of three major components ε eff,a , ε eff,b , and ε eff,c along the major axes a, b, and c of an orthorhombic system. ε eff,j with j = a, b, and c are given in implicit form Experimental (circles) and best-match calculated (solid lines) GSE data of the as-grown GLAD Co SCTF (left; Fig. 1 (b) ) and the same SCTF after graphene CVD (right; Fig. 1 (c) ) as a function of the sample azimuth angle ϕ shown exemplarily for λ = 630 nm at three different angles of incidence Φa = 55
• , 65 (2) TABLE I. Summary of the best-model parameters obtained from the analysis of the angle-resolved GSE data obtained before (Fig. 3 (left) ) and after graphene CVD (Fig. 3 (right) ). The uncertainty of the last digit (90% reliability) is given in parentheses.
by:
In Eqn.
(1) the material constituents' dielectric permittivity and volume fraction are denoted by ε n and f n , respectively. For the as-grown Co SCTF the corresponding AB-EMA consists of two material contributions: the permittivity of the host medium (air) ε 1 = 1 and the permittivity of the nanorods (cobalt) ε 2 . In the case of the post-CVD SCTFs the graphene permittivity is included in the AB-EMA as a third component ε 3 . The factors L j render the depolarization of the elliptical inclusions along the major polarizability axes a, b, c independent of the ellipsoid shape the sum-rule where L a +L b +L c = 1 must be satisfied. 28 The collective response of slanted nanocolumnar arrays may exhibit quasi monoclinic properties.
9-11,13
Such an effect is described through projection of the orthogonal basis system onto the monoclinic in which the semiaxis b is tilted towards c by a monoclinic angle β as described in Ref. 10 and 12 . Figure 3 depicts the experimental (symbols) and bestmodel calculated (solid lines) Mueller matrix data obtained for the Co SCTF before (Fig. 3 left) and after graphene deposition (Fig. 3 right) as a function of the sample in-plane orientation ϕ. The angle-resolved GSE data sets for each sample were combined within a common model data analysis during which model parameters (see Tab. I) were varied using least-squares approaches, which minimize a weighted test function until calculated and measured data match as close as possible (bestmodel). A good agreement between the experimental and best-model calculated Mueller matrix data is found using a three-phase stratified layer optical model composed of Si substrate, native SiO 2 layer, and AB-EMA based layer for the SCTF. The best-model parameters obtained for both samples are summarized in Tab. I. Literature values were used for the dielectric function of Si substrate, SiO 2 , and CVD graphene and which were not further varied during the analysis. [30] [31] [32] The dielectric function of the cobalt nanorods was varied during the analysis wavelength-by-wavelength to account for differences between bulk cobalt permittivity and GLAD grown material.
12, 33 The obtained results are comparable to those reported earlier. 10 Comparing the GSE spectra obtained before and after the graphene CVD it can be observed that in particular the so called off-diagonal block Mueller matrix elements (M 13 ,M 14 ,M 23 ,M 24 ) are subject to change whereas the on-diagonal Mueller matrix (M 12 ,M 22 ,M 33 ,M 34 ) components only scale slightly in their amplitude. This observation is also reflected in the effective optical constants of the SCTF before and after graphene CVD which are depicted in Fig. 4 . The conformal graphene coating introduces the strongest changes on the polarizability in a and b direction while the c direction is only lightly shifted. While the as-grown SCTF exhibits biaxial optical properties the graphene coating changes the optical properties of the SCTF to uniaxial.
A very good agreement can be found for the structural parameters obtained by SEM, Raman, and GSE experiments. In particular, slanting angle and SCTF thickness agree very well between SEM and GSE best-model parameters (Tab. I). Assuming ideal cylindric nanocolumns with a diameter of 20 nm (Fig. 1 ) the AB-EMA graphene fraction (f MLG ) could correspond to a conformal coating with a thickness of 0.9 nm (2.7 ML), which would be in excellent agreement with the 2 to 3 ML estimated from the Raman measurements. We therefore conclude that the graphene coating was successful and GSE and Ra- man data analysis suggest that this multilayer graphene coating covers the SCTF conformally. In summary, it has been demonstrated that metal SCTFs can be conformally coated with graphene using a low temperature CVD process and acetylene as a carbon supplying precursor gas. The low temperature CVD process has been found to preserve the nanostructure integrity. The structural parameters obtained by GSE, Raman spectroscopy and SEM are in very good agreement. In particular, it has been shown that the anisotropic optical response can be described using the AB-EMA approach where structural parameters of graphene-coated cobalt STFs could be extracted. The methodology developed in this work will be useful for the synthesis and characterization of other graphene-coated 3D metallic nanostructures.
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